Addition of excess antishudder additive to transmission oil results in a decrease of the friction coefficient to a level below which the transmission torque capacity becomes unsatisfactory. However, very low concentrations of antishudder additive can result in unsatisfactory antishudder performance and durability. To obtain the optimal balance between antishudder performance and torque capacity, a specific alkenylsuccinimide has been developed. The relationship between the antishudder performance and torque capacity was investigated by performing a series of low-velocity friction apparatus (LVFA) rig tests as well as statistical analysis using the quantitative structure-property relationship (QSPR) method that related the structure and physical properties of the molecule to the measured frictional properties.
Overview
Slip-controlled lock-up clutch systems in automatic transmission (AT) vehicles are effective at improving fuel economy 1) . However, the major problem encountered in the use of the slip-controlled lock-up clutch system is shudder vibration. The relationship between the friction coefficient and the sliding velocity, namely, the µ-V characteristics, of the lock-up clutch is indicative of whether these systems will be affected by shudder vibration. The use of automatic transmission fluid (ATF) strongly affects the µ-V characteristics. To prevent shudder vibration, ATF must be used to increase the friction coefficient (µ) as the sliding velocity (V) increases. In addition, a sufficiently high value of µ is necessary to improve the power transmission efficiency of ATF. Many studies have been performed to investigate the effects on the µ-V characteristics of the addition of additives to ATF 2, 3) , and it has been found that almost all friction modifiers reduce friction coefficients at very low values of V. However, the addition of a large amount of antishudder additive results in a decrease in µ, even at high values of V, and a decrease in the transmission torque capacity. In contrast, the addition of a small amount of antishudder additive results in degradation of the performance and durability.
In order to mitigate the abovementioned problem, we have synthesized alkenylsuccinimide, which can act as an effective antishudder additive 4) . So far, no study has correlated the molecular structure of alkenylsuccinimide to its function as an antishudder additive or performed factor analysis on it related to its use as such an additive. In this study, using the QSPR method, we have performed factor analysis and mechanism estimation on alkenylsuccinimide to determine the power transmission efficiency and antishudder performance. This has allowed us to successfully develop traction fluid for continuously variable transmission (CVT) vehicles as well as an ashless detergent additive [5] [6] [7] [8] [9] , the effectiveness of which has also been reported. As a result, we have derived an equation that relates the molecular structure and power transmission efficiency of the alkenylsuccinimide to its antishudder performance. According to this equation, we developed an optimized high-performance antishudder additive.
Experimental

Method for measuring µ-V characteristics
The µ-V characteristics of each sample were measured using the low-velocity friction apparatus (LVFA) shown in Figure 1 ; the tests were performed according to the method specified in JASO M349-98 10) . The test conditions are shown in Table 1 . The antishudder durability was also measured, using the LVFA. The test conditions for that are shown in Table 2 . The µ-V characteristics were measured every 24 h, and the time required for the slope of the dµ/dV curve to become negative was defined as the lifetime of the antishudder durability. oxidation inhibitor (a mixture of di-tert-butylphenol and diphenylamine), a detergent dispersant (poly-isobutenylsuccinimido and calcium sulfonate), and an extreme pressure agent (alkyl-phosphate) in 100 N mineral oil, and test oils were prepared by adding alkenylsuccinimide or aliphatic amide compounds (Figure 2 ) to the standard oil as antishudder additives.
Test procedure
After a 30-min preliminary run at 80 °C and 1 MPa, the µ-V characteristics were measured under the conditions listed in Table 1 .
QSPR
QSPR analysis was carried out using the QSPR programs MS-QSAR (Accelryth Inc.) and Chemish 11, 12) . Standardized numerical values were used in a multiple regression analysis that was performed to evaluate the degree of influence of each descriptor in Eq. (1).
Evaluation of the friction performance
For the QSPR analysis performed in this study, the values of µ at V = 150 rpm (0.900 m/s) and 120 °C (µ 150 ) are used as the indexes of the height of friction coefficient and the ratio of µ at V = 50 rpm (0.300 m/s) to that of µ at V = 1 rpm (0.006 m/s) at a temperature of 40 °C (µ 50 /µ 1 ) are used as indexes of the antishudder performance. The combined performance of the two is expressed as the product of µ 150 and µ 50 /µ 1 . The larger the product of µ 150 and µ 50 /µ 1 , the better the combined Figure 3 Test compounds performance, meaning that, if µ is high, the antishudder performance is excellent.
Results and discussion
3.1. Friction performance of low-molecular-weight alkenylsuccinimide and aliphatic amide Figure  3 shows 29 low-molecular-weight alkenylsuccinimide and 5 aliphatic amide compounds. Table 3 shows the unstandardized raw values of the properties of the test compounds and the LVFA test results (where µ at V = 150 rpm is µ 150 , and the ratio of µ at V = 50 rpm to that at V = 1 rpm is µ 50 /µ 1 ). At high temperatures, the value of µ for low-molecular-weight alkenylsuccinimido compounds is higher than that for aliphatic amido compounds (for example, No.013-C18N3 versus No.031-3ISTN5 in Table 3 ), and the µ of the former has a lower temperature dependency than that of the latter.
Study of influencing factors using QSPR
As is shown in Table 3 , a multiple regression analysis was carried out using the product of µ 150 and µ 50 /µ 1 as the dependent variable. Figure 4 
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values derived from the raw values of the properties shown in Table 3 
Influence of the amino group
From the [End-Amine] and [Hydrogen-Bond] descriptors, it is estimated that compounds with strongly a basic amine group and several N-H bonds tend to be strongly adsorbed by the phenol resin and cellulose contained in the disk; consequently, µ remains high even when V is high.
Influence of the alkyl group
From the values of the [Chain-Type] and [Butyl-Structure] descriptors, it is estimated that compounds that have highly branched and long alkyl groups tend to be entwined with each other; consequently, µ increases.
Influence of the dipole moment of the molecule
Compounds with large dipole moments are generally highly polar because of the arrangement of their hydrophilic groups. From the value of the [Dipole-Moment] descriptor, it is estimated that such compounds tend to be strongly adsorbed to a steel plate as well as to a friction plate; therefore, the oiliness effect on the steel plate tends to reduce friction.
Influence of the projection area of the molecule
From the [Shadow-Area] descriptor, it is estimated that large compounds tend to cover wide areas of the friction and steel plates; thus decreasing the friction. Figure 5 shows the structure of molecularly designed alkenylsuccinimide. The friction performance of the designed alkenylsuccinimide was evaluated using LVFA, and the observed and calculated values of the product of µ 150 and µ 50 /µ 1 were plotted in Figure 4 with a star mark. Figure 4 shows that analysis and optimization performed using the QSPR method are valid.
Antishudder durability and friction coefficient of the designed alkenylsuccinimide
The antishudder performance and durability of the designed alkenylsuccinimide was evaluated using the LVFA test. The alkenylsuccinimide (No.013-C18N3 in Table 3 ) and aliphatic amide (No.031-3ISTN5 in Table  3 ) samples were evaluated together in order to compare them. Figure 7 shows that the designed alkenylsuccinimide has a higher torque capacity and longer durability lifetime than other alkenylsuccinimides and aliphatic amides. in Table 3 ; 3: No.031-3ISTN5 in Table 3 )
Conclusions
(1) Using the QSPR method, we have performed factor analysis and mechanism estimation for alkenylsuccinimide to determine its antishudder performance. On the basis of the results, we derived an equation that correlates the antishudder performance and the high transmission torque capacity (friction coefficient) with the molecular structure of the alkenylsuccinimide. (2) From the obtained correlative equation, it was found that the "strength of basicity" and "number of N-H bonds" indicate how easily the compound will be adsorbed on the plate; "length of alkyl group" and "number of branches of alkyl group" indicate the degree of entwinement of the molecules with each other, which positively influences antishudder performance and increases transmission torque capacity; "dipole moment" indicates the degree to which the oiliness effect will be present in relation to the steel plate; and "molecular size" indicates the degree to which the molecule covers the plate surface-more coverage results in less friction. (3) On the basis of the results obtained using the correlative equation, we have developed a high-performance additive that delivers excellent antishudder performance in addition to having a high friction coefficient and excellent durability. 
